Given FDA's authority to implement a cigarette nicotine reduction policy, possible outcomes of this regulation must be examined, especially among those who may be most affected, such as those with comorbid psychiatric disorders. Methods: In this secondary analysis of a multisite, randomized, clinical laboratory study, we used analyses of variance to examine the effects of nicotine dose (0.4, 2.4, 5.2, and 15.8 mg/g of tobacco), depressive and anxiety diagnoses (depression only, anxiety only, both, or neither), and depressive and anxiety symptom severity on cigarette choice, smoke exposure, craving, and withdrawal across three vulnerable populations: socioeconomically disadvantaged women of reproductive age, opioid-dependent individuals, and those with affective disorders (n = 169). Results: Diagnosis and symptom severity largely had no effects on smoking choice, total puff volume, or CO boost. Significant main effects on craving and withdrawal were observed, with higher scores in those with both anxiety and depression diagnoses compared with depression alone or no diagnosis, and in those with more severe depressive symptoms (p's < .001). These factors did not interact with nicotine dose. Cigarettes with <15.8 mg/g nicotine were less reinforcing, decreased total puff volume, and produced significant but lower magnitude and shorter duration reductions in craving and withdrawal than higher doses (p's < .01). Conclusions: Reducing nicotine dose reduced measures of cigarette addiction potential, with little evidence of moderation by either psychiatric diagnosis or symptom severity, providing evidence that those with comorbid psychiatric disorders would respond to a nicotine reduction policy similarly to other smokers. Implications: Thus far, controlled studies in healthy populations of smokers have demonstrated that use of very low nicotine content cigarettes reduces cigarette use and dependence without resulting in compensatory smoking. These analyses extend those findings to a vulnerable population of interest, those with comorbid psychiatric disorders. Cigarettes with very low nicotine content were less reinforcing, decreased total puff volume, and produced significant but lower This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs licence (http://creativecommons.org/ licenses/by-nc-nd/4.0/), which permits non-commercial reproduction and distribution of the work, in any medium, provided the original work is not altered or transformed in any way, and that the work is properly cited. For commercial re-use, please contact journals.permissions@oup.com magnitude and shorter duration reductions in craving and withdrawal than higher doses. These nicotine dose effects did not interact with psychiatric diagnosis or mood symptom severity suggesting that smokers in this vulnerable population would respond to a nicotine reduction strategy similarly to other smokers.
Introduction
The 2009 Family Smoking Prevention and Tobacco Control Act (FSPTCA) granted the FDA regulatory authority over cigarettes and other tobacco products. 1 Accordingly, the FDA has proposed several product standards to address cigarette smoking, including setting a maximal nicotine level in cigarettes. 2 As this product standard is considered, it is necessary to examine the potential public health impact of very low nicotine content (VLNC) cigarettes. Thus far, controlled studies in healthy populations of smokers have demonstrated that use of VLNC cigarettes reduces cigarette use and dependence without resulting in mood disruption or compensatory smoking. 3, 4 However, concerns persist about how this regulation may affect smokers with psychiatric comorbidities. Affective disorders (ADs), which include major depressive disorder and anxiety disorders, are the most common mental health conditions (MHCs) in the United States; in 2015, 7% of US adults reported past-year major depressive disorder and 18% reported a past-year anxiety disorder. 5 Although smoking rates in the general US population have declined over the past 50 years, there has been little to no decline among those with MHCs and smoking prevalence among this group is elevated compared with the general population (40% vs. 15.5%). 6 In addition to an increased prevalence of smoking, cigarette dependence appears to be higher in smokers with elevated depression symptoms and those with anxiety disorders. [7] [8] [9] Accordingly, smokers with ADs have greater difficulty quitting smoking and greater likelihood of relapse compared with those without ADs. [10] [11] [12] [13] [14] It should also be noted that ADs frequently co-occur (eg, depression and anxiety) and as the presence of multiple MHCs increases, so does the likelihood of nicotine dependence in this population. 15 It is hypothesized that reducing the nicotine content of cigarettes to a minimally addictive level could improve long-term health outcomes in smokers with MHCs. 16, 17 Reductions in nicotine content should reduce dependence, potentially both preventing experimental smokers from becoming regular smokers and making it easier for established smokers to quit. 2 Investigations of VLNC cigarettes in smokers with MHCs and other populations especially vulnerable to tobacco use have been promising, generally resulting in reduced reinforcing effects and relief from craving and withdrawal, with no evidence of compensatory smoking. [18] [19] [20] [21] [22] [23] For a specific example, Tidey and colleagues examined depressive symptom severity as a moderator of response to VLNC cigarettes and found that those above and below a clinical cut-off for depression had similar reductions in smoking with VLNC cigarettes. 23 However, little research has been reported examining the impact of VLNC in smokers with MHCs, and this issue needs to be thoroughly examined. No studies have examined whether those with more severe anxiety symptomology or multiple affective disorders are at increased risk for unintended negative consequences of a nicotine reduction policy. Compensatory smoking, differences in sensitivity to nicotine, or an inability for VLNC cigarettes to ameliorate withdrawal in smokers with more severe psychiatric burden could have public health implications. The aim of the current study was to examine the effect of type and number of diagnoses, as well as severity of depressive and anxious symptomology, on acute response to cigarettes varying in nicotine content by examining effects on cigarette choice (relative reinforcing effects), compensatory smoking, craving, and withdrawal. It was hypothesized that the effects of nicotine dose would be minimally affected by symptom severity or diagnosis.
Methods

Study Sample
Data for this secondary analysis were drawn from participants in a multisite study (University of Vermont, Brown University, Johns Hopkins University School of Medicine) which included 169 adult daily smokers (56 with affective disorders as an exemplar of smokers with mental illness, 60 with opioid dependence as an exemplar of smokers with other substance use disorders, and 53 socioeconomically disadvantaged women of reproductive age as an exemplar of smokers with socioeconomic disadvantage). Study inclusion and exclusion criteria have been reported previously. 18, 19 Briefly, all participants smoked ≥5 cigarettes per day (CPD) for at least 1 year, had limited use of other tobacco products, and were not currently interested in quitting smoking. All participants completed screening and intake visits where detailed sociodemographic and smoking characteristics were collected. As part of these measures, participants completed the Fagerström Test for Nicotine Dependence (FTND) and the heaviness of smoking index (HSI) scores were calculated by summing scores from items 1 and 4 of the FTND. 24, 25 Participants also completed the Mini-International Neuropsychiatric interview 26 (MINI version 6.0, which assesses DSM-IV disorders) and were determined to have either a depressive disorder (major depression, dysthymia), an anxiety disorder (Panic Disorder, Social Phobia, Specific Phobia, Obsessive Compulsive Disorder, Post-Traumatic Stress Disorder, General Anxiety Disorder), both, or neither. Additionally, participants self-reported depressive and anxious symptomology by completing the Beck Depression Inventory-II (BDI) and the Overall Anxiety Severity and Impairment Scale (OASIS). 27, 28 Study procedures were approved by the University of Vermont IRB and all participants provided written informed consent.
Research Cigarettes
The study used SPECTRUM research cigarettes (22nd Century Group, Clarence, NY). Participants whose usual brand was mentholated were assigned to menthol research cigarettes. Four nicotine doses were investigated. The average nicotine content of doses across menthol and nonmenthol products was 15.8, 5.2, 2.4, and 0.4 mg of nicotine per gram of tobacco (mg/g) with the 15.8 mg/g nicotine dose serving as a control for commercial cigarettes. All cigarettes were labeled with arbitrary letter codes and administered under double-blind conditions. The dose and letter code combinations were determined randomly.
Procedure
Procedures for this study have been described previously. 18, 19 Briefly, participants completed fourteen 2-to 4-h sessions in a withinsubjects design organized into three phases. The present study focuses on Phases 1 and 2. Prior to each session, participants abstained from smoking for a minimum of 6-8 h, operationalized as breath carbon monoxide (CO) at ≤50% of study-intake CO level. Sessions were conducted a minimum of 48 h apart with order of exposure to nicotine doses randomized across participants.
In Phase 1, participants were oriented to the study protocol (Session 1) and then sampled each of the four research cigarette doses across separate sessions (Sessions 2-5). Cigarettes were smoked ad lib using a Clinical Research Support System (CReSS) device to record smoking topography. 29 The primary topography measure was total cigarette puff volume, i.e., the sum of the volumes of all puffs taken within each cigarette, which is a sensitive summary measure of exposure. 30 Prior to smoking and every 15 min for 60 min following smoking, participants also completed the Minnesota Tobacco Withdrawal Scale (MTWS), 31 the Questionnaire of Smoking Urgesbrief (QSU-B), 32 and breath CO levels were collected to calculate CO boost (postsmoking CO level minus pre-smoking CO level) as a measure of smoke intake.
In Phase 2 (Sessions 6-11), at each session, participants were presented with pairs of the research cigarettes concurrently and were able to take puffs from either cigarette. 33, 34 Each of the six possible cigarette dose-pair combinations was tested once in separate sessions. In these 3-h sessions, a participant sat alone in a ventilated room. When they wished to smoke, they used a computer mouse to click on one of two icons on a computer screen representing the two cigarettes available that session. After ten clicks on the icon, they could take two puffs of the associated cigarette. 33 Participants were free to choose either option as often as they wished, or to abstain if they did not wish to smoke.
Statistical Approach
This secondary analysis examined effects of diagnosis and symptom severity on responses to cigarettes varying in nicotine content using a combined sample of smokers with affective disorders, opioid use disorders, and socioeconomic disadvantage. 18, 19 Minimal differences across samples on response to nicotine dose were seen in the parent study. 19 Collapsing across subsamples maximized statistical power to detect interactions between dose and psychiatric factors, with the larger sample having greater variability in diagnoses and severity of symptoms.
Participants were categorized three ways: by number/type of diagnosis (none, depression only, anxiety only, both depression and anxiety), by severity of depressive symptoms (BDI < 20 vs. ≥ 20), and by severity of anxious symptoms (OASIS < 8 vs. ≥ 8). These cut-points were based on prior validation studies. 35, 36 Outcome variables of interest were examined in relation to these categories. Demographic variables were compared between diagnosis and symptom severity categories using Chi-Square Tests of Independence for categorical variables and Kruskal-Wallis tests for continuous variables.
Effects on smoking choices were examined using the proportion of choices participants made for the higher-level nicotine content cigarette during Phase 2 concurrent choice testing. Effects on craving and withdrawal were examined using MNWS total score, the "Desire to Smoke" item on the MNWS, and QSU scores. QSU was examined by factor with Factor 1 characterized by desire and intent to smoke due to positive reinforcing effects of smoking and Factor 2 with craving to smoke related to relief from nicotine withdrawal or negative affect. 37 Potential compensatory smoking was examined using total puff volume and CO boost.
Mixed model repeated measures analyses of variance were used to test for the effects of diagnosis, nicotine dose, and their interactions on all study outcomes, with dose as the within-participant factor. To examine effects of symptom severity on these outcomes, this analysis approach was repeated with BDI symptom severity (high/low) and OASIS symptom severity (high/low) substituted for diagnosis. Analyses also included fixed effects of sex, session, and population as covariates, and a random effect to account for the three study sites. Multivariable models were used, with independent variables/predictors included in the same model, with the base model being primary predictor/dose/interaction and covariates added. For analyses of MNWS scores, QSU factor scores, and CO boost, time was added to the models as another within-participant factor, along with time-by-diagnosis/severity and time-by-dose interactions. When not significant, interaction effects were dropped from the models. Statistical significance level alpha was set a priori at 0.05. Significant main or interaction effects were followed by post hoc testing, with p-values subject to Bonferroni correction. All statistical analyses were conducted using SAS version 9.4, SAS Institute, Inc., Cary, NC.
Results
Participants
Participant characteristics are provided in Table 1 . The mean age of the participants was 36 and the sample was 71% female. 73% of the sample was non-Latino White and about half had at least some college education. Average number of cigarettes per day was 16 and average age started smoking regularly was 16 with an average HSI of 3. Few differences in demographics were seen between diagnosis groups or by symptom severity. However, there were gender differences by severity of both depressive and anxiety symptoms, with men more likely to be in the groups with more severe symptoms. Educational attainment differed by anxiety symptom severity with higher severity being associated with higher educational attainment. Additionally, there were race/ethnicity differences by both diagnosis and by anxiety symptom severity with non-Latino Whites being more likely to have both an anxiety and a depression diagnosis and more likely to have more severe anxiety symptoms. Participants met CO reduction goals prior to experimental sessions. Baseline CO levels were 22.4 ppm on average and average CO prior to the experimental sessions was 7.4 ppm.
Cigarette Choice
There was a significant main effect of dose pair on proportion of higher dose choices (F[5,835] = 6.12, p < .001, Cohen's d = 0.44) driven largely by significantly higher proportions of choices for the highest dose in tests comparing the 0.4 versus 15.8 and 2.4 versus 15.8 dose pairs ( Supplementary Table 1 ). There were no main effects of diagnosis or symptom severity on proportion of higher dose choices. Furthermore, there was no interaction between dose pair and either diagnosis or symptom severity, indicating that neither variable significantly moderated preference for the higher doses. Participants chose the higher nicotine dose at significantly greater than chance levels across each of the six dose pairs independent of the psychiatric variables examined. Figure 1 ). There was also a main effect of diagnosis on QSU Factor 2 (F[3,161] = 3.75, p = .01, Cohen's d = 0.36). Those with both disorders had higher scores than those with depression alone (p = .03) or neither diagnosis (p = .02). There were no main effects of anxiety symptom severity on QSU scores. As previously reported, there were significant main effects of nicotine dose and time on MNWS "desire to smoke" and both factors of the QSU; all cigarettes reduced craving relative to baseline, but the magnitude of effects was greater and effects were of longer duration with the higher-nicotine content cigarettes, as shown by significant dose*time interactions (QSU Factor 1: F [12, 2014] Figure 2 ). Higher withdrawal levels were present in those with both an anxiety and depression diagnosis when compared with those with depression alone (p = .001) or with no diagnosis (p = .001). Higher withdrawal levels were seen in those with more severe depressive or anxious symptoms compared with less severe symptoms (p's ≤ .002). Consistent interactions were found between both diagnoses and symptom severity by time. In those groups with higher withdrawal scores, return to baseline withdrawal was less complete than in those with lower baseline levels of withdrawal (F's = 1.95-10.29, p's < .05). As previously reported, there were significant main effects of nicotine dose and time on withdrawal; all cigarettes reduced withdrawal relative to baseline, but the magnitude of effects was greater and effects were of longer duration with the higher-nicotine content cigarettes, as shown by a significant dose*time interaction (F[12,2014] = 2.63, p = .002). However, there were no significant interactions between psychiatric variables and dose for withdrawal.
Smoke Exposure Measures
There were no significant main effects of diagnosis or symptom severity on either CO boost or total puff volume ( Table 2) . Reducing the nicotine content of cigarettes did not affect CO boost, but significantly reduced total puff volume (F[3,489] = 4.67, p = .003, Cohen's d = 0.28). There were no significant interactions between dose with diagnosis or symptom severity, indicating that neither variable moderated effects of nicotine dose on measures of smoke exposure.
Conclusions
Our results show no evidence that response to cigarettes differing in nicotine content is moderated by psychiatric diagnosis or symptom severity. When considering effects of nicotine content on cigarette choice (ie, relative reinforcing effects), we saw no evidence of effect of psychiatric variables as a main effect or in interactions. Higher dose cigarettes were chosen more often, independent of the psychiatric factors examined. Similarly, a previous study, while not testing choice directly, found that ratings of cigarette liking were driven by nicotine content and were not influenced by depression history or current anxiety symptomology. 38 These results suggest that reducing the nicotine content of cigarettes to a level that does not support smoking in the general population may also be effective at reducing smoking in people with ADs, including those with elevated symptoms of anxiety and depression. Levels of craving and withdrawal were affected by the psychiatric variables examined, although those effects did not interact with nicotine dose. Craving was higher across nicotine doses among those with higher BDI or OASIS scores or among those with both a depression and an anxiety diagnosis. Of interest, the largest effects of diagnosis and symptom severity appeared to be in QSU Factor 2, which represents anticipation of relief from negative affect. 37 The elevated QSU Factor 2 scores among those with elevated depressive symptoms are consistent with prior literature demonstrating increased smoking urges among those with higher depressive symptoms and findings that those with increased depressive symptoms may be disproportionately prone to smoke to relieve the negative affect symptoms caused by withdrawal. 39, 40 Effects on withdrawal showed a similar pattern. MNWS scores were higher among those with higher BDI or OASIS scores or those with both a depression and an anxiety diagnosis relative to participants lower in depression and anxiety. Elevated MNWS scores in smokers with affective disorders are typically observed in studies of smokers with mental health conditions 20, 23, 41 and are likely due, at least in part, to the overlap between MNWS items and mood/psychiatric symptoms. 42 Once again, the largest effects appeared to be driven by depressive symptom severity and having dual anxiety/depression diagnoses.
The overall pattern of effects of diagnosis and symptom severity on craving and withdrawal symptoms indicates that, for smokers with depression in this study, symptom severity was a more significant risk factor for craving and withdrawal symptoms than diagnosis. These findings are consistent with prior reports where it has been suggested that current depressive symptomology is a better predictor of smoking-related outcomes than diagnosis. 43 For smokers with anxiety, diagnosis and symptom severity were similar in terms of how they affected craving and withdrawal scores. Interestingly, although a depression diagnosis did not affect QSU Factor 2 or MNWS scores on its own, it increased the effects of anxiety diagnosis on these scores. However, the influences of diagnosis and symptom severity were restricted to main effects, and there was no evidence that those with more severe symptoms or multiple diagnoses would respond differently to lower nicotine content cigarettes.
In regard to potential compensatory smoking, we found no evidence of effect of psychiatric variables either as a main effect or in interactions with dose on our measures of smoke exposure (CO boost and total puff volume). These findings are consistent with other reports in smokers with serious mental illness, 22 and those with elevated depressive symptoms 23 which also did not find effects of psychiatric variables on measures of smoke exposure. The only variable that affected smoke exposure was nicotine content, with lower nicotine content cigarettes resulting in smaller total puff volumes, the opposite of what would be predicted if compensatory smoking were occurring. 18, 19 A recent study examining the pharmacokinetic profile of Spectrum cigarettes found that, as expected, boosts in plasma nicotine concentration were reflective of the nicotine content of the cigarettes, also suggesting that compensatory smoking is not occurring with these reduced nicotine content cigarettes. 44 Strengths of the study include the large sample, the inclusion of several nicotine doses, the use of well-validated measures to assess psychiatric diagnosis and symptom severity, and the testing of cigarette effects under monitored and controlled conditions. Potential limitations of the present study are that (1) this is a secondary analysis of data collected to test other hypotheses and thus may be underpowered to detect effects of diagnosis and symptom severity; (2) the parent study recruited fairly psychiatrically stable participants, so results may not generalize to more severely impaired smokers; and (3) only acute exposure to the cigarettes was examined, leaving unanswered whether results will generalize to effects of extended exposure. These limitations notwithstanding, the present study helps address the important regulatory question of whether psychiatric diagnosis type, number, or symptom severity will moderate response to a policy reducing the nicotine content of cigarettes. In particular, to the best of our knowledge, this is the first study to examine responses to VLNC cigarettes among smokers with anxiety disorders or to examine the effects of comorbid depression and anxiety disorders on responses to reduced-nicotine cigarettes. This research provides evidence that those with comorbid psychiatric disorders would respond to a nicotine reduction policy similarly to other smokers, and underscores that the potential benefits of reducing the nicotine content of cigarettes to decrease the addiction potential of smoking should extend to those with more severe symptomology and multiple diagnoses.
